Bitterness in dried jujube fruit can adversely influence its palatability and consumer acceptability. In the present investigation, sensory-guided fractionation with techniques of liquid-liquid extraction, macroporous resin separation, and LC-MS/QTof was applied to identify the bitter compounds in dried jujube fruit (Z. jujuba cv. junzao). The results showed that bitter substances can be successfully extracted from dried jujube fruit using ethanol followed by n-butanol solution. The extract could then be further separated into five fractions by utilizing the macroporous resin separation technique. From this, three bitter fractions were obtained where 35 compounds, including 7 nitrogen compounds, 14 flavonoids, 12 saponins, and 2 fatty acid oxides，were tentatively identified. Based on the structures of these compounds, bitterness generation is likely to result from endogenous phytochemicals of jujube fruit and Maillard reactions during drying processing and also storage.
Introduction
Jujube (Z. jujuba Mill.) is generally recognised as the most important zizyphus species for fruit production in the buckthorn family Rhamnacea. [1] Jujube is native to China and widely distributed in the subtropical and temperate areas of the northern hemisphere, especially the north of China, [2] where it has been commonly used as an edible or medicinal plant for more than 3000 years. As the largest jujube producer, China has more than 90% share of the total world productions, and its production reached 5.88 million tons in 2012 (Chinese Statistic Yearbook of 2013). In recent years, a series of phytochemicals, including alkaloid, [3] polyphenol [4] polysaccharide, [5, 6] and saponin, [7, 8] have been found to be widely distributed in the tissues of zizyphus species. While much attention has been focused on the isolation, identification, quantification, and functions of these phytochemicals of jujube fruit, there has been lack of studies related to the taste and aroma of jujube fruits, which are key factors for understanding of their food value and developing methods for jujube processing and storage.
In the past, jujube bitterness was not regarded as important, partially because its high sugar content could mask the bitter flavour, or due to the fruit generally being consumed in the form of food additives and traditional Chinese medicine, in which the added amount of jujube was quite low. Currently, with the increase of output, the bitterness of jujube fruit and its products is gradually drawing attention. The majority of available papers related to jujube bitterness have been published in Chinese. The fruit of Z. jujuba cv. Grande de Albatera tasted bitter, and the sensory score of bitter intensity reached 0.5 using caffeine solutions as sensory standard solutions (the sensory score of 0.5 g/L caffeine solution is 1.5). [9] The fruits of four Spanish jujube cultivars were also reported to be bitter, but the intensity was relatively low. [10] After extraction with ethanol, the taste flavour of jujube juice was obviously improved and bitterness was no longer perceive. [11] The bitter intensity of the dried fruit of Z. jujuba cv. hami was associated with the ratio of sugar and organic acid, drying conditions, and soluble protein. After analysing by GC-MS, the bitterness of jujube wine was ascribed to the combined effects of phenethyl alcohol, isoamylol, ketone, phenols, and aldehyde. [12] In a more recent paper, it was found that the bitter intensity was correlated with the increase of bitter amino acids in jujube fruit. [13] These studies have indicated that bitterness could be perceived in jujube fruit and its products, however there is limited knowledge on the molecules imparting bitter taste to jujube fruit and its products, as well as little understanding of the formation mechanism involved in the formation of these compounds.
Although there are, up to now, among 700 jujube cultivars in China, Z. jujuba cv. junzao has the most common cultivar due to its superior properties of saline-alkali tolerance, cold and heat tolerance, droughtresistant, barren resistance, and high productivity. Therefore, this cultivar was used in this investigation. The techniques of sensory-guided fraction and LC-MS/QTof were applied to investigate the bitter chemical profiles. Defining the chemical profile of bitter substances will provide insight into the origin of bitterness in fruits of Z. jujuba cv. junzao, and facilitate the development of strategies for jujube processing, de-bittering and variety breeding.
Materials and methods

Chemicals
A D101 macroporous resin was obtained from Shanghai Mosu Scientific Equipment Co., Ltd (Shanghai, China). Methanol (HPLC grade) was purchased from Fisher (Fair Lawn, NJ, USA). All other chemical reagents were of analytical grade, and all solutions were prepared using distilled/deionised water.
Sample preparation
After harvest, the samples were washed with distilled water, and dried by hot air at 50°C for 30 h, resulting in 18.32% of moisture content of the dried fruit; these were then packed in polyethylene bags, and stored at ambient temperature for 3 months. Finally, dried fruit was chopped into halves for removing seeds, and cut into pieces (about 2 mm) and storage at −18°C for use.
Analytical scheme
Most known bitter substances from plant tissues have been successfully extracted with methanol or ethanol solution, [14, 15] and found to be hydrophobic compounds. Therefore, ethanol solution was applied to extract bitter substances from dried jujube fruit, and the sequentially extracted procedures of bitter fraction of jujube fruit were made as follows (Scheme 1).
Extraction of dried jujube fruit
The jujube pieces (100 g) were extracted with hexane (2 × 500 mL) at room, temperature for 12 h. After filtration the hexane fractions were combined and concentrated in a rotary evaporator to produce the hexane soluble portion (F-I). The residue was then extracted with 95% ethanol solution (2 × 1 L) at room temperature for 24 h. After filtration, the ethanolic fractions were combined and concentrated at 45°C (F-II). In addition, the insoluble ethanol fractions were dried (F-III). The yields and sensory bitter taste intensities of each fraction were evaluated ( Table 1) .
Isolation of bitter compounds
The F-II was dispersed in 150 mL deionised water and extracted with water-saturated butanol (3 × 150 mL). The butanol layers were combined and concentrated in a rotary evaporator to obtain a butanol soluble portion (F-II-1). The water layer was concentrated in a rotary evaporator (F-II-2).
The F-II-1 fraction was dispersed in 20 mL deionised water and loaded onto a glass chromatographic column (30 mm × 300 mm), which was wet-packed with 150 mL pretreated D101 resin. Then, it was eluted sequentially with water and ethanol solution (at the concentration of 30%, 50%, 75%, and 100%, respectively) at 2 BV/h flow rate (five times of resin volume). Five fractions, F-II-1-MR1, F-II-1-MR2, F-II-1-MR3, F-II-1-MR4, and F-II-1-MR5, were obtained by freeze-drying. Their yields and sensory bitter intensities of individual fractions obtained were evaluated, as shown in Table 1 .
HPLC analysis of bitter fractions
Before HPLC injections, the bitter fractions (F-II-1-MR2, F-II-1-MR3, and F-II-1-MR4) were dissolved in 5 mL methanol, and filtered through a 0.22 μm pore size membrane filter. HPLC analysis of bitter Scheme 1. Analytical scheme for bitter compounds identification from dried jujubes. fractions was performed on a Waters 2695 HPLC coupled to a Waters 2998 diode array detector (Waters Corp., Milford, MA, USA). The column used was a Dikma ODS C18, 4.6 × 250 mm, 5 μm particle size. The column was maintained at a temperature of 40°C. UV absorption of the HPLC eluates were recorded at wavelengths of 254, 280, and 360 nm for real-time monitoring of the peak intensity, and full spectra ( 
LC-MS/QToF analysis of bitter fractions
LC-MS/QTof analysis of bitter fractions of Z. jujuba cv. junzao was performed on an AB Triple TOF 5600plus (AB SCIEX, Framingham, MA, USA) mass spectrometer coupled to a Waters UPLC (Waters Corp., Milford, MA, USA) equipped with UV-vis detector. The MS conditions were described as follows: the scan range was set at m/z 100-2000, the source voltage was −4.5 kV and the source temperature was 500°C in negative ionisation mode, the pressure of gas (N 2 ) was set to 50 psi, and the curtain gas was set to 30 psi. For MS/MS, collision energy was −35 V, collision energy spread was 10 V, declustering potential was −100 V. The injection volume was 10 μL. The eluent was split and approximately 0.7 mL/ min was introduced into the mass detector. Analyst ® TF 1.6 software (AB-Sciex), which was installed with the software of ChemSpider, was used for data acquisition and processing.
Sensory analysis
The sensory panel was composed of seven panelists (four female and three males) between the ages of 22 − 36 years, who had given informed consent to participate in the sensory tests of the present investigation and had no history of known taste disorders. In order to reduce potential bias, the basic information of the study was provided to all panelists, and they were trained to evaluate bitter intensity using quinine hydrochloride references solutions. Three reference levels were provided to panelists (2.0, 5.0, 10.0 mg.L −1 quinine hydrochloride solution), corresponding to bitterness intensity ratings of 3, 6, and 10, respectively. [16] For each sample, all panelists were asked to thoroughly rinse their mouths with purified water before and after evaluation, and tasted the sample by swirling it around in mouth for several seconds, and then spit it out, and each sample was evaluated twice.
Results and discussion
Sequential solvent extraction
Initially, the sample was extracted with hexane to obtain fraction F-I after solvent evaporation under reduced pressure. The residual material was then extracted with 95% ethanol to produce F-II after solvent rotary evaporation. The final insoluble part (F-III) had the highest yield, accounting for approximately 66% of the dry mass of jujube fruits. The yields for fractions I and II were 3.25% and 32.43%, respectively. Fraction II was perceived bitter as well as sweet, whereas fraction I had a fatty mouth-feel, as expected for triglycerides, and fraction III had negligible taste attributes. F-II was then extracted with water-saturated butanol to get fraction F-II-1 and F-II-2, with yields for F-II-1 and F-II-2 were 1.62% and 25.35%, respectively. F-II-1 was strongly bitter, whereas sweet was the only flavour perceived in the F-II-2, due to high content of sugars in F-II-2. The yields and bitter attributes of these fractions are shown in Table 1 .
Macroporous resins fractionation
Macroporous resins have been used in chemical and medicinal industries widely, especially for extraction, separation and purification of biochemical product. [17] Therefore, in order to screen out most of the non-bitter substances, a portion of F-II-1 was further separated by using D101 macroporous resins.
The portion of F-II-1-MR1, eluted with deionised water, accounted for approximately 51% of weight of the water-saturated butanol extract and exhibited sweet attributes. The portion of F-II-1-MR2 was a brown powder and exhibited strongly bitter as well as lightly sour attributes. F-II-1-MR3 was also a brown powder and exhibited bitter as well as lightly astringent properties. F-II-1-MR4 was a light brown powder and exhibited pure bitter properties. However, F-II-1-MR5, whose yields were lowest among all eluted portions, was a canary yellow amorphous powder and tasteless.
Through separation by macroporous resins, most of non-bitter substances were not only successfully screened out, but also astringent and sour flavours were occasionally perceived in the fractions. To our knowledge, the astringent flavour was perceived in jujube fruit for the first time. According to the flavour theory of mixture suppression, central cognitive effects can occur when different qualities of taste stimuli are mixed together and the perceived intensity of one or more of the components is diminished by the perception of the other. [18] Therefore, after removing sugars, the flavours of sour, astringent and bitter could be perceived.
Identification of bitter compounds
From the bitter fractions, a total of 35 compounds, including 7 nitrogen compounds, 14 flavonoids, 12 saponins, and 2 fatty oxides, were identified by LC-MS/QTof in the negative ion mode ( Table 2 ). All compounds were tentatively identified by comparison their MS spectral data with those generated by the Peakview software to produce empirical formula whose chemical structures and names were obtained from the online database of Chemspider, and which were further verified base on m/z value, retention time, elution order, and the UV adsorption value compared with the published data.
Nitrogen compounds
According to the MS fragment behaviours, the compounds of C1-C7 match well with those in the databases, and were identified as 5- (4- In complex food system, nitrogen compounds, including peptides, [19] bitter amino acids such as L-tryptopha, [14] and Maillard reaction product, [16] have been generally reported as bitter constituents. In the present study, peptides and bitter amino acids were not discovered in the bitter fraction; this might due to differences of jujube variety, minute amounts of these compounds in jujube fruit, or losses during extraction and separation of bitter fractions. Nevertheless, the amino, pyran and furan moieties of C3-C7 indicated that these five compounds were likely to belong to the products of Maillard reaction. If so, the formation mechanism of the bitterness of jujube fruit might be partially explained to occur during processing and storage. Maillard reaction [20] have been generally considered as a vital reaction for formation of jujube flavour and brown flesh colour, but there is no evidence to date whether Maillard reactions resulted in the bitterness of jujube fruits during processing and storage. So, future studies should pay attention to the Maillard reaction's effect on jujube flavour. Flavonoids Compounds C8-C21 were discovered in the fractions of F-II-1-MR2 and F-II-1-MR3, and were identified or tentatively identified as flavonoids, including six quercetin derivatives, one kaempferol derivative, four flavone C-glycosides and three other flavones. Compounds C8, C11, C12, C16, C18, and C21 shared the same fragment ions at m/z 301 and 300, in full-scan mode in the triple quadrupole system, which are usually considered as key fragment ions of quercetin derivatives. [21, 22] These compounds, except for the compound C21, were identified and shown in the Table 2 . Among these seven quercetin derivatives, the peak of C11, identified as rutin, was the highest in the LC and MS spectrum. In jujube fruit, rutin has been reported as the most abundant flavonoi, [23, 24] and is a known bitter chemical. So, rutin might be considered as a bitterness marker in jujube fruit.
Compound C13 had fragment ions at m/z 284 and 285 that were just less 16 (one oxygen atom) than these characteristic ions of quercetin derivatives. It could be deduced that C13 belonged to kaempferol derivatives, because ions at m/z 284 and 285 are the key fragment ions of kaempferol derivatives. Additionally, the formula, fragment ions and UV absorption value could match those of kaempferol-3-O-robinobioside which is a known flavonoid discovered in Z. jujuba. So, C13 could be identified as kaempferol-3-O-robinobioside. Similarly, compounds of C9, C10 and C20 were identified as eriocitren, phloretin-3ʹ,5ʹ-di-glucoside, [4] and ramnazin-3-O-rutinoside, respectively.
Through observing the fragmentation behaviour of compounds C14, C15, C17 and C19, it was found that most of them produced fragment ions at m/z [M-
− , and [M-H-Hexose] − . In mass spectrometry, it has been reported that in flavone C-glycosides, cross-ring cleavage of sugar residues produced fragment ions by losses of 60, 90, and 120 am. [25] Therefore, compounds C14, C15, C17, and C19 should be classified into flavone C-glycosides. After further analysis, these four compounds couldn't match well with those recommended in the Chemspider database, probably due to minute amount of flavone C-glycosides in plant kingdom. Additionally, comparing with molecular mass, these four compounds were also different from known flavone C-glycosides identified from the seeds of Z. jujub. [26] So, further separation and analysis techniques should be applied to elucidate the structure of these compounds.
Although, flavonoids, up to now, have not been reported as bitter compounds in jujube fruit, much of previous literature mentioned phenolic substances are widely distributed in the plant kingdom and responsible for the bitterness and astringency in food and beverage. [27] So, these flavonoids, identified from the bitter fractions, are likely to partially explain the bitterness of jujube fruit.
Saponins
Compounds C22-C32 and C34, discovered in the fraction of F-II-1-MR4, were also monitored by LC-UV, but UV absorption was not observed among these compounds in the spectrum due to lack of chromophoric groups. By further analysis of their mass spectrum, they were tentatively identified as saponins, and three of them have already been identified in Z. jujub. [28] Compounds C27-C31 shared the same basic skeleton, and their fragmentation behaviours were quite similar, with exception of the difference of molecular mass, fragment ions at m/z 911 and 749 were produced in these compounds. Although the Peakview software gave empirical formulas, high match rate compounds were not found in the database of Chemspider. Gu [28] investigated the phytochemicals of the leaves from two zizyphus species by LC-PDA-MS/ELSD, and reported that the ions at m/z 911, 749, and 603 were the fragment ions of Zizyphus saponin I and Zizyphus saponin II, which were identified by NMR. Because the molecular mass of Zizyphus saponin I was the same as Zizyphus saponin I, [28] C30 might be either Zizyphus saponin I or Zizyphus saponin II. For the compound C27, the ion at m/z 1043 was its molecular ion, which completely matched with Jujuboside . [29] Similarly, C28 was identified as jujuboside I, which was previously separated from Ziziphi Spinosae Seme. [30] Although the compounds C29 and C31 also produced the same fragment ions with C27, C28, and C30, there were not corresponded saponins reported in the previous literature. For compound C22, its molecular ion at m/z 1077 exhibited losses of 132 u and 162 u, yielding to fragment ions at m/z 945 and 783 characteristic of a pentose and a hexose, respectively. Its fragment ions were all less 34 amu than those of C27-C31. So, this indicated that C22 was likely to belong to saponins. Adopting similar strategies, it can be concluded that compounds C23-C26 also belonged to saponins.
Compounds C32 and C34, they had long retention times and low molecular weights, and were identified as 24-dihydrocucurbitacin D and quillaja sapogen, respectively. In the portion of F-II-1-MR4, a total of 12 compounds were putatively identified as saponins, and nine of them were reported for the first time in zizyphus species. An earlier published study reported that jujubasaponins I-III, isolated from the fresh leaves of Z. jujuba, showed anti-sweet activity. In recent studies, a series of steroidal saponins were identified as the key contributors to the typical bitter taste of white asparagus spear.
[31] So, we inferred that these twelve saponins might be the main contributors to the bitter taste of F-II-1-MR4.
Fatty acid oxides
Compounds C33 and C35, they were identified as 3-oxohexadecanoic acid and 3-oxooctadecanoic acid, respectively. According to their structure, they were likely to originate from oxidation reactions of fatty acids.
Bitterness of compounds might be predicted by the theory that the ratio of the number of C atoms to the number of OH groups, or the R value (n C /n OH ), of a molecule could give an indication of the bitterness of these compounds. Sweet compounds yield R values of 1.00-1.99, bitter compounds 2.00-6.99, and non-bitter compounds have values above 7.0. [32] If this theory is applied to judge the bitterness of compounds in this study, compounds C33 and C35 could be grouped into non-bitter substances, because their R values (n C /n OH ) were far beyond 7.00. The flavonoids and saponins (C8-C31) could be grouped into bitter chemicals, because sugar moieties increased their OH groups and lowered their R values (n C /n OH ) to the scope of bitter compounds. For compounds C1-C7, their R values were beyond 7.00, and these seven compounds seemed not to be classified into bitter substances. However, in this theory, there was a supplementary specification, for nitrogen compounds, one nitrogen atom could be counted as one OH groups to calculate the R value. Therefore these nitrogen compounds could be also considered as bitter substances.
Based on the current results, nitrogen compounds, flavonoids and saponins were the main contributors to the bitterness of jujube fruit. Nitrogen compounds were likely to originate from Mailard reactions, which is vital for jujube flavour formation during drying processing. It is generally known that improper processing and storage will increase the content of Mailard reaction products, therefore the flavour quality of jujube fruit and its products might be improved by controlling Mailard reactions. Because flavonoids and saponins were endogenous substances of jujube fruit and relatively stable during processing and storage, from a manufacturing standpoint, variety breeding, application of glycoside hydrolase and solvent extraction may be solution for altering the bitterness of jujube fruit and its products.
In summary, although the techniques of high performance preparative liquid chromatography and nuclear magnetic resonance weren't applied in this experiment, the chemical profile of bitterness in jujube fruits was basically evaluated by sensory-guided fractionation combined with LC-MS/QTof due to powerful online retrieval function of Chemspider database and available phytochemical data of zizyphus species. The future work should pay attention to variations of these compounds during processing and storage, and development of processing strategies to optimise palatability of jujube products, thus improving the product quality.
